Abstract. Oxidative stress, demonstrated by an accumulation of 8-hydroxy-2'-deoxyguanosine (8-OHdG), results in DNA damage, which is normally repaired by base excision repair enzymes including 8-OHdG DNA glycosylase (OGG1) and human MutY homolog (MUTYH), in addition to nucleotide pool sanitizing enzymes including MutT Homolog 1 (MTH1). Abnormalities of this repair system are present in various cancer types. The present study aimed to elucidate the clinicopathological significance of altered expression levels of inducible nitric oxide synthase (iNOS), 8-OHdG, OGG1, MTH1 and MUTYH in ulcerative colitis (UC) and UC-associated neoplasms. Immunohistochemical staining for these markers and p53 in 23 cases of UC-associated neoplasm (Group A, 14 carcinomas and nine dysplasias), 16 cases of UC without neoplasm (Group B) and 17 cases of normal colon specimens (Group C) was performed. Mutation analyses was conducted for KRAS proto-oncogene, GTPase (K-ras), tumor protein P53 (TP53) and isocitrate dehydrogenase (NADP (+)) 1, cytosolic (IDH1) genes. Immunohistochemically, the iNOS, 8-OHdG, OGG1 and MTH1 expression levels were increased in Groups A and B compared with Group C. The OGG1 and MTH1 expression levels in Group A were also increased compared with Group B. Group A and Group B exhibited increased cytoplasmic expression and decreased nuclear expression of MUTYH compared with Group C. Mutations of K-ras and TP53 were detected in 2/21 (9.5%) and 10/22 (45.5%) cases of Group A, respectively. IDH1 mutation was not detected in any cases. These findings suggest that, as a response to oxidative damage, OGG1 and MTH1 may be upregulated in UC through an inflammatory condition that progresses to cancer formation. Persisting oxidative damage stress may play a role in the pathogenesis of UC-associated tumors.
Introduction
Ulcerative colitis (UC) is an inflammatory bowel disease characterized by periods of inflammatory recurrence and remission events, accompanied by cell death and regeneration of the colonic mucosa. Patients with UC face an increased risk of UC-associated neoplasm (UCAN) including dysplasia and carcinoma (1) . The incidence of colorectal dysplasia in UC patients was observed to be 1.9% at 5 years, 5.1% at 15 years, and 9.2% at 25 years after the onset of the UC (2) . The elevated risk of UCAN development is associated with several factors such as disease duration, the extent and severity of inflammation, family history of colorectal carcinoma, backwash ileitis, and primary sclerosing cholangitis (3) (4) (5) .
The pathogenesis of UCAN is thought to be associated with oxidative DNA damage (6) . Nitric oxide (NO) is synthesized by nitric oxide synthase (iNOS) and contributes to the pathogenesis of various types of cancer including colonic carcinoma (7) (8) (9) . It is known that 8-oxoguanine (8-oxoG) is the most stable product of the base damage due to oxidative stress, and 8-oxoG mismatches with adenine residues, leading to a G:C to T:A transversion mutation (10, 11) . 8-oxoG and 8-hydroxy-2'-deoxyguanosine (8-OHdG) undergo keto-enol tautomerism, which favors the oxidized product 8-oxodG (12) . It was reported that the levels of 8-OHdG are elevated in colorectal cancer and UC-associated dysplasia (6, 13) .
DNA damage is normally repaired by base excision repair (BER) enzymes such as 8-OHdG DNA glycosylase (OGG1) and human MutY homolog (MUTYH) and nucleotide pool sanitizing enzyme such as MutT Homolog 1 (MTH1). MTH1
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protein exists in the nucleotide pool and functions to prevent the misincorporation of 8-OHdG by hydrolyzing 8-OH-dGTP to 8-OH-dGMP (14) . OGG1 excises 8-OHdG, which has been mispaired with cytosine. MUTYH excises adenines that have been misincorporated opposite 8-OH-G during replication (15) . Altered expressions of OGG1, MTH1 and MUTYH have been reported in various types of cancer (14, (16) (17) (18) (19) . In our previous study, we showed that the nuclear expression of MUTYH was lower in UCAN and UC than in the non-inflamed mucosa (18) . However, the expression status of OGG1 and MTH1 in UCAN has not been reported to date. Various types of genetic mutation have been reported in UCAN, including K-ras (30%), TP53 (40-80%), p16 (100%), CTNNB1 (45-50%) and APC (10-30%) (20, 21) . Isocitrate dehydrogenase 1 (IDH1) catalyzes the oxidative carboxylation of isocitrate to α-ketoglutarate, resulting in the production of nicotinamide adenine dinucleotide phosphate. Mutations of IDH1 gene lead to an accumulation of 2-hydroxyglutarate that can induce the hypermethylation of DNA CpG islands, resulting in altered gene transcription and genome stability (22, 23) . A 2014 study showed that adenocarcinomas associated with inflammatory bowel disease had IDH1 mutations more frequently compared to sporadic colon cancer (23) .
Here we attempted to elucidate the mechanisms of DNA damage and repair in UCAN by evaluating the accumulation of oxidative stress markers and expression DNA repair proteins, iNOS, 8-OHdG, OGG1, MTH1 and MUTYH in UC and UC-associated neoplasms. We also examined the frequencies of K-ras, TP53 and IDH1 gene mutations as candidates of oxidative stress-induced DNA damage.
Materials and methods
Cases and histological evaluation. We examined the surgical specimens of 23 cases of UC-associated neoplasia (Group Athe) including 14 carcinoma cases (Group A1) and nine dysplasia cases (Group A2), 16 cases of UC patients without neoplasia (Group B) and 17 cases of normal colon (Group C). These lesions were surgically resected at Kyushu University Hospital and its referral hospitals during the 28-year period from 1987 to 2015. The diagnosis of UC had been made based on clinical, endoscopic and histologic findings. All neoplastic lesions were classified according to the criteria proposed by Riddell et al (24) . Patients in Group B were in the active phase pf ulcerative colitis and underwent surgery because of fulminant or intractable disease. Group B specimens showed diffuse and severe neutrophilic infiltration, goblet cell depletion, cryptitis, and crypt abscess indicating the active phase of UC. As for Group C, we obtained the specimens of non-cancerous tissue at least 10 cm apart from sporadic colorectal cancer lesions of non-UC patients. Group C specimens showed only slight to mild inflammatory infiltrate.
The study was approved by the Institutional Review Boards of Kyushu University Hospital (no. 27-388).
Immunohistochemical analysis. Formalin-fixed and paraffin-embedded tissue specimens were used for immunohistochemical stainings for iNOS, 8-OHdG, OGG1, MTH1, MUTYH and p53. The primary antibodies and immunohistochemical staining procedures are summarized in Table I . In brief, after the pretreatment, the primary antibody was applied to the specimen and left overnight at 4˚C. Sections were then incubated with a biotinylated secondary antibody for 20 min, followed by the use of a streptavidin-biotin-alkaline phosphatase kit (Nichirei, Tokyo) for 8-OHdG. The reaction was visualized with substrate for alkaline phosphatase for 8-OHdG. For other markers, Envision+ (Dako, Glostrup, Denmark) was used as the secondary antibody, and 3,3-diamino-benzidine was used for visualization. Finally, sections were counterstained with Mayer's hematoxylin.
For the evaluation of immunohistochemical staining, we counted a minimum of 500 cells on each slide. 8-OHdG immunoreactivity in the colorectal crypts was evaluated by the labeling index (LI) of nuclear staining (18) . We divided the sections into High and Low expression groups using the median as a reference value, and we compared these values with other immunohistochemical scores and the percentage of gene mutation. The expressions of iNOS expression were evaluated as described (25) . The expression level was graded based on the combination of the proportion and the intensity of immunoreactive cells. Proportion scores (PS) were rated on the following scale: 0 (no staining) 1 (<1%), 2 (1% to <10%), 3 (10% to <33%), 4 (33-66% ) and 5 (>66%). Intensity scores (IS) were rated on the scale 0 (no staining), 1 (weak), 2 (moderate) and 3 (strong). The total score was obtained by adding the PS and the IS.
The MUTYH expression was evaluated as described (18) . The proportion of nuclear staining of the colorectal crypts was classified using a three-grade scale: 0 (no staining), 1 (5-50%) and 2 (>50%), and the intensity of cytoplasmic expression was classified with a two-grade scale (1, weak; 2, strong).
The expressions of MTH1 and OGG1 expression were evaluated as described (16) . Staining intensity was rated on the following scale: 0 (no staining), 1 (weak), 2 (moderate) and 3 (strong). The proportion of immunoreactive cells was then scored as 0 (no staining), 1 (1-50%) or 2 (51-100%). The final score was calculated by multiplying the IS by the PS, achieving theoretical results ranging from 0 to 6. Immunoreactivity for p53 was regarded as positive when >10% of the cells were stained (26, 27) .
Mutational analysis of K-ras, TP53 and IDH1. For the mutational analysis, we analyzed the cases of 23 patients with UCAN. Genomic DNA was extracted from paraffin-embedded sections using a macrodissection or microdissection technique. For the macrodissection technique, histological areas measuring approx. ≥1 cm in dia. were removed by macroscopic dissection with a needle so as to contain >70% tumor cells. For the microdissection technique, the tumor cells were isolated selectively using laser microdissection (AS LMD system; Leica, Nussloch, Germany) and a pressure catapulting system to get at least 1,000 tumor cells per sample for a polymerase chain reaction (PCR) analysis. Subsequently, genomic DNA was extracted from the samples using a QIAamp ® DNA Micro kit (Qiagen, Tokyo) and DNeasy Blood & Tissue kits (Qiagen), respectively, in accordance with the manufacturer's protocols.
The mutational analysis for K-ras, TP53 and IDH1 was performed using PCR and direct sequencing. Mutational hot spots of K-ras (codon12 and 13), TP53 (exons 5-9) and IDH1 (R132) were included in these PCR analyses (22, 28, 29) .
PCR reactions were performed in a thermocycler (Tgradient; Biometra, Gottingen, Germany). The amplified PCR products were then purified using Montage centrifugal filters (Millipore, Bedford, MA, USA). After purification, direct sequencing was performed using an ABI 3500 genetic analyzer (Applied Biosystems, Foster City, CA).
Statistical analysis.
We examined the correlations among clinicopathological factors and molecular data using the Mann-Whitney U-test and Fisher's exact test. A P-value <0.05 was considered significant. As the post-hoc test, we re-examined the data using Tukey's test.
Results
Clinicopathological findings. The clinicopathological features of the patients are summarized in Table II . Among the 23 patients of the Group A (UC-associated neoplasm), 13 patients were men and 10 were women, with the median age of 48 years (range 25-77 years). The median disease duration of Group A was 16 years (range 0.5-35 years). The neoplastic lesions in both Group A1 (UC-associated carcinomas) and Group A2 (UC-associated dysplasia) were predominantly located in the left side of the colon and rectum.
Histologically, Group A2 lesions showed atypical columnar cells with hyperchromitic nuclei and mild nuclear stratification as low-grade dysplasia (LGD) (Fig. 1A) , and prominent dystrophic goblet cells and/or severely atypical columnar cells with prominent nuclear stratification without vesicular nuclei, as high-grade dysplasia (HGD). Most of the carcinomas of Group A1 were well to moderately differentiated adenocarcinoma (Fig. 1B) . Among the 16 patients of Group B (UC without neoplasm), nine patients were men and seven were women, with the median age of 43 years (range 22-77 years). The median disease duration of Group B was 6 years (range 0.5-31 years). The disease duration of UC was significantly longer in Group A compared to Group B (P=0.0067).
Immunohistochemical analyses iNOS.
The iNOS expression scores in Group A (median: 8) and Group B (median: 7) were significantly higher than that of Group C (median: 5) (P=0.0002, P=0.0034, respectively) (Table III, Figs. 1C and 2A). There was no significant difference in iNOS expression between Group A and Group B, or between Group A1UC+carc and Group A2 (Tables III and IV) .
8-OHdG.
The labeling indices of 8-OHdG in Group A (median: 49.3) and Group B (median: 53.6) were significantly higher than that in Group C (median: 29.1) (P=0.0002, P=0.0034, respectively) (Table III; Figs. 1D and 2B). There was no significant difference between Group A and Group B, or between Group A1 and Group A2 (Tables III and IV) .
We then examined the correlation between the expression of 8-OHdG and other markers. The OGG1 scores of the high 8-OHdG cases (score 2: one case, score 4: five cases, score 6: five cases) and those of the low 8-OHdG cases (score 2: one case, score 4: five cases, score 6: five cases) revealed no significant correlations. The MTH1 scores of the high 8-OHdG cases (score 2: no cases, score 4: six cases, score 6: five cases) and those of the low 8-OHdG cases (score 2: one case, score 4: four cases, score 6: six cases) revealed no significant correlations. No significant correlations with other markers were revealed (Table V) .
OGG1. OGG1 expression was observed only in cytoplasmic regions in our cases, and both the intensity and the proportion of The UC-associated carcinomas (Group A1) showed well to moderately differentiated adenocarcinoma, invading the stroma. Group A1 lesions showed diffuse and strong cytoplasmic expressions of (C) iNOS, (E) OGG1 and (F) MTH1, and nuclear accumulations of (D) 8-OHdG and (H) p53. (G) Group A1 lesions also exhibited high cytoplasmic staining and low nuclear staining for MUTYH. Statistically significant. In the parentheses, range is described for age and disease duration, whereas percentage is described for other factors. Outside the parentheses, average years are described for age and disease duration, whereas case numbers are described for other factors. Statistically significant. In the parentheses, range is described for iNOS, 8-OHdG, OGG1 and MTH1, whereas percentage is described for other factors. Outside the parentheses, median scores are described for iNOS, 8-OHdG, OGG1 and MTH1, whereas case numbers are described for other factors.
cytoplasmic expression were different in each case. The OGG1 expression score was significantly higher in Group A (median: 4) compared to Group B (median: 4) and Group C (median: 1) (P=0.0227, P<0.0001, respectively) (Table III; Figs. 1E and 2C). The OGG1 expression score was also significantly higher in Group B than in Group C (P=0.0011). There was no significant difference in OGG1 expression between Group A1 and Group A2 (Table IV) .
MTH1. The MTH1 expression score was significantly higher in Group A (median: 6) compared to Group B (median: 4) and Group C (median: 1) (P=0.0012, P<0.0001, respectively) (Table III; Figs. 1F and 2D). The MTH1 expression was also significantly higher in Group B compared to Group C (P<0.0001). There was no significant difference in MTH1 expression between Group A1 and Group A2 (Table IV) .
MUTYH. Regarding the nuclear expression of MUTYH, each case was scored as 0 or 1; no cases were judged as score 2. The nuclear expression of MUTYH was positive (score 1) in 4/23 cases (17.3%) in Group A, 7/16 cases (43.7%) in Group B and 13/17 cases (76.5%) in Group C (Table III and Fig. 1G ). Group A and Group B showed significantly lower nuclear expression of MUTYH compared to the Group C (P=0.0003 and P=0.0799, respectively). There was no significant difference in MUTYH nuclear expression between Group A1 and Group A2 (Table IV) .
As for the cytoplasmic expression of MUTYH, each case was scored 1 or 2; no cases were judged as score 0. High (score 2) cytoplasmic expression of MUTYH was present in 14/23 cases (60.9%) in Group A, 9/16 cases (56.3%) in Group B and 2/17 cases (11.8%) in Group C (Table III and Fig. 1G) . Thus, Group A and Group B showed significantly higher cytoplasmic expression of MUTYH compared to the Group C (P=0.019, P=0.0104, respectively). Notably, Group A1 showed significantly higher cytoplasmic expression of MUTYH compared to Group A2 (P=0.0023) (Table IV) .
p53. A nuclear accumulation of p53 protein was present in 11/23 cases (47.8%) of Group A, but it was not observed in Group B (0/16 cases) (P=0.0009) (Table III and Fig. 1H ). In addition, Group A2 showed a significantly higher frequency of p53 accumulation compared to the Group A1 (P=0.0211) (Table IV) .
In Group A2, 7/9 cases (77.8%) showed nuclear accumulation of p53 protein, and 5/8 cases (62.5%) showed TP53 mutation. Four of the five dysplasias (i.e., Group A2) with TP53 mutation revealed nuclear accumulation of p53 protein (4/5 cases, 80%). In Group A1, , 4/14 cases (28.6%) showed nuclear accumulation of p53 protein, and 5/14 cases (35.7%) showed TP53 mutation in Group A1. Of the five carcinomas (i.e., Group A1) with TP53 mutation, only one case revealed nuclear accumulation of p53 protein (1/5 cases, 20%). The concordance rate between nuclear accumulation of p53 protein and TP53 mutation was One case with unsuccesful PCR for TP53 was excluded (n=22). In the parentheses, range is described for iNOS, 8-OHdG, OGG1 and MTH1, whereas percentage is described for other factors. Outside the parentheses, median scores are described for iNOS, 8-OHdG, OGG1 and MTH1, whereas case numbers are described for other factors.
not significantly different between the two groups, but in the dysplasias (Group A 2), this rate tended to be higher than that in the carcinomas (Group A1) (P=0.058).
Mutational analysis TP53.
The results of our mutation analysis as well as the clinicopathological data of Group Athe UC+ group are summarized in Table VI. The PCR for TP53 was successful in 22 cases of Group A. The TP53 mutation was present in a total of 10 of the 22 (45.5%) cases, including 5/14 cases (35.7%) of Group A1 and 5/8 cases (62.5%) of Group A2. There was no significant difference in the frequency of TP53 mutation between these two groups. Among the 10 cases with TP53 mutation, transversion and transition mutations were present in two and eight cases, respectively.
We then checked the correlation between TP53 mutation and inflammation-associated marker expressions; no significant correlation was observed (Table VII) .
K-ras. The mutation analysis of K-ras was successful in 21 cases in Group A. We found that 2 of 21 (9.5%) cases had K-ras gene mutation at codon 12; one mutation was the transversion type and the other was the transition type (Table VI) .
IDH1. No cases in Group
A had IDH1 gene mutation.
Discussion
Our present findings demonstrated that the expression levels of iNOS, 8-OHdG, OGG1 and MTH1 were significantly higher in UCAN and UC samples than in non-inflamed mucosa. In addition, the OGG1 and MTH1 expressions were significantly higher in the UCAN than in the UC cases. It has been reported that increased levels of 8-OHdG induce the activation of MTH1 or OGG1 to minimize 8-OHdG accumulation in mammalian DNA (13, 30) . Similarly in UC, oxidative stress may upregulate defense systems such as MTH1 and OGG1 to minimize 8-OHdG accumulation.
Liao et al reported that OGG1 knockout mice showed a significantly increased risk of adenocarcinoma development in the colon compared to wild-type mice after the induction of dextran sulfate sodium-induced colitis (31). In breast One case with unsuccessful PCR for TP53 was excluded. In the parentheses, range is described for iNOS, OGG1 and MTH1, whereas percentage is described for other factors. Outside the parentheses, median scores are described for iNOS, OGG1 and MTH1, whereas case numbers are described for other factors.
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Table VI. The clinicopathological features and molecular findings of UC-associated neoplasm and mutation analysis for TP53
and K-ras. cancer, reduced OGG1 expression was correlated with poor prognosis (17) . On the other hand, Kubo et al showed 8-OHdG accumulation and cytoplasmic OGG1 overexpression in esophageal squamous cell carcinoma (16), They also showed that cytoplasmic OGG1 expression was correlated with the depth of cancer, lymph node metastasis and the stage of progression.
Case
In the present study, the OGG1 cytoplasmic expression was higher in UCAN than UC cases. It is reported that OGG1 protein is present in the nucleus and mitochondria and that the protein at both of these sites work as DNA repair protein. The dysfunction of each OGG1 leads to high 8-OHdG accumulation and cell death (32) . These findings suggested that OGG1 overexpression might represent persisting oxidative stress and cellular response in UCAN and unlike in mouse models, the upregulation of OGG1 function may play some role in the pathogenesis of human UCAN.
Tsuzuki et al showed that in an MTH-1-deficient mouse model, a greater number of tumors were formed in the lung, liver, and stomach compared to MTH1 wild-type mice (33) . In contrast, Song et al showed that MTH1 expression was significantly higher in human gastric cancer tissue than para-cancer tissue, and that MTH1 expression correlated with 8-OHdG accumulation (34) . These findings may be explained in part by the notion that cancer cells may require MTH1 to avoid both DNA damage and cell death because an excessive accumulation of 8-OHdG leads to tumor cell death (35, 36) . In the present study, the MTH1 expression was higher in UCAN than in the UC and non-inflamed mucosa. Our results may support the hypothesis that MTH1 is required for cancer survival for defense against oxidative damage in UCAN. Similar to the previous study, the present UCAN and UC cases exhibited higher cytoplasmic expression and lower nuclear expression of MUTYH compared to the non-inflamed mucosa. Such an abnormal expression pattern of MUTYH may represent dysfunction of MUTYH, as we had suggested (18) .
In general, 8-OHdG accumulation leads to the G:C to T:A and A:T to C:G transversion mutations (10). Chaubert et al reported that K-ras mutations were present in 44% of UCAN patients with a predominance of G:C to T:A transversion (37) . However, in our series, despite the accumulation of 8-OHdG, transversion mutations of K-ras or TP53 gene were not frequent. One case with unsuccessful PCR for TP53 was excluded. In the parentheses, range is described for age, disease duration, iNOS, 8-OHdG, OGG1 and MTH1, whereas percentage is described for other factors. Outside the parentheses, average years are described for age and disease duration, whereas case numbers are described for other factors.
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For example, among our 21 cases of UCAN, K-ras mutation was identified in two (9.5%) cases, one of whom showed a G:C to T:A transversion mutation. Although we detected the TP53 mutations in 10/22 cases (45.5%) of UCAN, only two cases showed transversion mutations. The frequency of TP53 mutation was higher in our dysplasia cases compared to the carcinoma cases. Carcinoma may arise from other factors, such as genetic alterations in tumor suppressor genes, oncogenes and genes encoding DNA repair proteins, as well as from loss of genomic stability.
We also observed that the expression levels of OGG1, MUTYH and MTH1 were not correlated with the presence of TP53 gene mutation or p53 protein accumulation. It thus seems to be less likely that a dysfunction of OGG1, MUTYH or MTH1 caused the excessive accumulation of 8-OHdG and the subsequent transversion mutation of K-ras or TP53 in UCAN. However, the possibility remains that an accumulation of 8-OHdG might cause a transversion mutation of other genes that would participate in the pathogenesis of UCAN. As an additional possibility, dysfunction of OGG1 and MUTYH caused by TP53 mutation might play a role in the tumorigenesis in some populations of UCAN. It has been reported that, since OGG1 and MUTYH are transcriptionally regulated by p53, p53 deficiency leads to OGG1 and MUTYH dysfunction, resulting in escape from programmed cell death under oxidative stress and the promotion of tumorigenesis (38, 39) . However, further study is necessary to elucidate the mechanism of TP53 mutation and its role in the tumorigenesis of UCAN.
A previous study revealed that isocitrate dehydrogenase 1(IDH1) mutations were present in 1% of sporadic colorectal carcinomas (22) . Hartman et al also reported that adenocarcinomas associated with inflammatory bowel disease more frequently demonstrated IDH1 mutations than conventional intestinal adenocarcinomas did (13% vs. 0%) (23) . In addition, IDH1 mutations were more frequently observed in Crohn's disease-associated neoplasms than UC-associated neoplasms in their study. In the present study, no IDH1 gene mutation was detected in the neoplasms associated with UC. These findings suggest that IDH1 mutation may be exceptional in UCAN.
In conclusion, the results of our study demonstrated that iNOS, 8-OHdG, MTH1 and OGG1 were accumulated in UCAN and the inflamed mucosa of UC patients. We also observed that the expressions of MTH1 and OGG1 were higher in UCAN than in UC. Our results suggest that both inflamed mucosa and neoplasms of UC are exposed to persisting oxidative damage, which may lead to the increased expressions of MTH1 and OGG1, and possibly to UC-related carcinogenesis.
